Lipid membranes and membrane proteins are important biosensing targets, motivating the development of label-free methods with improved sensitivity. Silicacoated metal nanoparticles allow these systems to be combined with supported lipid bilayers (SLBs) for sensing membrane proteins through localized surface plasmon resonance (LSPR). However, the small sensing volume of LSPR makes the thickness of the silica layer critical for performance. Here, we develop a simple, inexpensive and rapid sol-gel method for preparing thin conformal, continuous silica films and demonstrate its applicability using gold nanodisk arrays with LSPRs in the near-IR range. Silica layers as thin as ~5 nm are observed using crosssectional scanning transmission electron microscopy (STEM). The loss in sensitivity due to the thin silica coating was found to be only 16%, and the biosensing capabilities of the substrates were assessed through the binding of cholera toxin B to GM1 lipids. This sensor platform should prove useful in the rapid, multiplexed detection and screening of membrane-associated biological targets.
Introduction
Metal nanoparticles that host localized surface plasmon resonances (LSPRs) have proven useful in applications ranging from catalysis, 1,2 to biosensing, 3, 4 and nanomedicine. 5 Lipid membranes and membrane proteins are essential components of cellular metabolism and are key targets for more than half of pharmaceutical therapies. 6, 7 Interfacing surface-bound solid supported lipid bilayers (SLBs) with noble metal nanoparticle arrays is an attractive platform for refractive index-based biosensing as it offers label-free, facile optical detection. The small size of the metal nanoparticle transducers also allows their incorporation into microfluidic or multiplexed systems. However, SLB/nanoparticle constructs demand a biocompatible interface. Silica is ideally suited for this application: it is a biocompatible material and retains the natural fluidity of the phospholipid bilayer, which enables multivalent interactions between biological species. However, whenever a coating is applied, it pushes the sensing species further from the nanoparticle surface, often reducing sensitivity. Minimizing the thickness of this coating is thus of paramount importance to maintain high sensitivity, while maintaining the mobility of the lipids and proteins within the bilayer.
Several procedures have been developed to coat metal films and nanoparticles with silica. Physical 8 and chemical vapor deposition 9 as well as atomic layer deposition 10 (ALD) are common methods of coating thin metal films and surface-bound nanoparticles with nanometers to microns of silica. For instance, nanohole array substrates encapsulated in silica through sputtering 11 have been used in biosensing of membrane proteins. ALD-coated nanohole substrates have also been developed, [12] [13] [14] [15] yielding topographically flat substrates. 16 However, the coating effect on sensitivity remains a difficult challenge, as exemplified by the large (almost 50%) decrease in sensitivity of gold nanodisks containing 10 nm of sputtered silica, most likely due to the particularly short field decay length of the nanoparticles employed in this study. 17 While sputtering and ALD offer excellent control over film height, the instrumentation and processing can be expensive, and throughput and scalability are limited.
Solution-phase silica coating is an inexpensive, scalable alternative. Sol-gel methods such as dip-or spin-coating can produce films with thicknesses ranging from microns 18 to less than 10 nm, 19 20 and have been applied to a variety of metallic systems, including thin metal films 21, 22 and nanoparticles. [23] [24] [25] [26] [27] [28] [29] Coated planar gold surfaces have subsequently been combined with SLB's for surface plasmon resonance sensing, 21, 22, 30 but this technology has yet to be applied to SLB sensing using LSPR of metal nanoparticles.
Here, we show that a silica sol can be spin-coated over a gold nanodisk array, achieving thicknesses of less than 10 nm, and that this thickness can be controlled by sol concentration. Since this technique should be capable of accommodating more complex shaped nanoparticles, we investigate NIR resonant AuNDs for their improved sensing volume, longer field decay lengths and increased sensitivity. 31, 32 A negligible decrease of sensitivity occurs upon coating these AuNDs with silica yielding bulk refractive index sensitivities of 420 nm/RIU. Lipid adsorption and binding of the model system cholera toxin B (CTB) to GM1 lipids is monitored with the sol-gel film and compared with AuNDs coated by silica sputtering. The high sensitivity of these sol-coated platforms is shown to be due to both the highly sensitive NIR-resonant AuNDs and the ultrathin silica layer, which minimizes the displacement of the measured species from the nanoparticle surface.
Methods
Materials. All lipids were purchased from Avanti Polar lipids. Carboxylated polystyrene beads, 300 nm in diameter, were purchased from Life Technologies.
Deuterium oxide (D2O) was purchased from Cambridge isotope laboratories. All other chemicals, unless indicated otherwise, were purchased from Sigma-Aldrich and were used as received.
Gold Nanodisk Substrate Preparation. All nanodisk substrates were prepared with hole-mask colloidal lithography as described elsewhere. 33 Briefly, glass coverslips (#2) were cleaned in piranha (3:1 concentrated H2SO4 to 30% H2O2) for 30 minutes before rinsing heavily with doubly distilled water and drying with N2. A 4% (w/v) solution of 350 kD poly(methyl methacrylate) (PMMA) in anisole was then spin-coated at 300 rpm for 30 sec and the thin film was subsequently hard baked at 180 °C for 5 min. The PMMA film was etched for 5 sec with O2 in a reactive ion etcher (March CS-1701) to render the surface hydrophilic. A 0.4% (v/v) aqueous poly(diallyldimethylammonium chloride) (PDDA) (MW = 350,000) solution was then drop-coated onto the glass slides, rinsed with doubly distilled H2O after 30 secs and dried with N2. Carboxylated poly(styrene) beads (0.08% (w/v)) with an average diameter of 300 nm were then drop-coated over the PDDA layer, rinsed with doubly distilled H2O after 2 minutes, and dried with N2. Electron beam deposition (Airco Temescal FC1800) was used to deposit 5 nm of gold over the poly(styrene) beads.
Samples were tape-stripped to remove the poly(styrene) beads and expose the polymeric layer underneath. A 2-minute O2 reactive ion etching treatment was then used to etch wells into the polymeric layer and 20 nm of gold was deposited over each substrate. The mask was lifted-off by sonication in acetone, the samples were rinsed with doubly distilled H2O and then finally dried with N2 yielding nanodisks with dimensions of 20 nm in height and approximately 300 nm in diameter as determined by atomic force microscopy.
Sol-Gel Coating.
To prepare the silica sol 12 mg of concentrated HCl were mixed with 1.5 g doubly distilled H2O. This solution was added drop-wise with stirring to a mixture of 5 g tetraethyl orthosilicate (TEOS) and 11.05 g pure (≥99.5%) ethanol.
This solution was allowed to stir for 15 minutes before refluxing at about 85 °C for 1 hour. This suspension was then allowed to cool and age for two days at room temperature to yield an 8% silica sol. This solution was diluted with pure ethanol to 0.25, 0.5, or 1% (v/v) and stored at 4 °C. Suspensions were then sonicated before use and spin-coated directly onto gold nanodisks on glass coverslips or on a silicon wafer at 2000 RPM for 60 secs. Samples were finally baked in a kiln (Paragon, Inc.) at 300 °C for 1 hour before use to calcinate the film. Biosensing. GM1-CTB binding measurements were performed in a simple, homebuilt ~800 µl flow cell that was prepared by bonding glass slides together with poly(dimethylsiloxane) (Krayden, Inc.) through oxygen plasma etching. Lipids were diluted to a final concentration of 600 μg/mL in buffer containing 10 mM CaCl2.
After incubating for at least 30 min, excess small unilamellar vesicles were washed away in buffer without CaCl2. In a typical experiment 200 nM CTB were flown in and allowed to bind for at least 30 min before washing with buffer to eliminate contributions to LSPR shift from the changes in bulk refractive index.
Decay Length Measurements.
To determine the decay length of the bare gold nanodisks and those coated with the sol-gel silica, the polyelectrolyte layer-by-layer technique described by the Rubinstein group was used. 34 Glass coverslips or Si wafers were etched with O2 reactive ion etching for 6 minutes to clean the surface and render it hydrophilic. Poly(allylamine hydrochloride) (PAH) and poly(styrene-4-sulfonate) (PSS) were used. The initial layer for both glass coverslips and Si wafers was PAH. Alternating layers of polyelectrolytes were then added by immersing the substrate for 12 minutes in a solution containing PAH or PSS (1 mg/mL) and 100 mM NaCl. Substrates were rinsed with doubly distilled H2O and immersed into a solution containing 100 mM NaCl before moving into the next polymer solution. Optical measurements were performed on substrates only after the PSS step. After PSS addition the substrate was rinsed with doubly distilled water and dried gently under a stream of N2 before measurement. 
Results and Discussion
To prepare thin silica films over surface-bound metal nanostructures, we combine hole-mask colloidal lithography (HCL) with sol-gel spin-coating. In HCL, the size, spacing, and height of nanodisks, and hence LSPR energy, can be tuned by altering the amount of deposited metal as well as polystyrene bead size and concentration. Here, gold nanodisks of 300 nm in diameter and 20 nm in height, as measured using AFM (see Figure S4 ), were employed. These gold nanodisks were chosen because their near infrared resonance have larger refractive index sensitivities and longer field decay lengths than nanoparticles resonant in the visible range. 32 The latter is particularly beneficial for sensing species binding to SLBs, since the displacement from the sensor surface is larger than in most biosensing applications, where molecules are typically tethered directly to the nanoparticle surface. 37 The refractive index sensitivity of bare and silica coated gold nanodisks was determined using glycerol/D2O mixtures, see Table S1. The LSPR peak wavelength vs. refractive index displayed a linear relationship for all samples, and the sensitivity values reported are the slope of these lines. The data shows a clear trend in that reduced refractive index sensitivities were observed for the higher sol concentrations, see Figures S1 and Table S1 . Further investigation of this trend was carried out by spin-coating the sols of different concentration onto silicon wafer substrates followed by ellipsometry measurements, see Table S2 . Indeed, higher sol concentrations led to increasingly thicker films on the surface. In addition, density values for the silica films on the gold nanodisk substrates were calculated from the observed LSPR shifts and applying the Lorentz-Lorenz relationship, see Table S2 .
Interestingly, the density values of films generated from higher sol concentrations were not significantly different. This implies the change in sensitivity with increasing sol concentration is due mainly to increasing thickness. Figure 1 . Representative LSPR spectra of 300x20 nm gold nanodisks coated with 0.25% silica sol (A) and without silica coating (C) in varying glycerol-D2O solutions. Representative sensitivity plots of 300 nm gold nanodisks coated with 0.25% silica sol (B) and without silica (D). Average sensitivities for the 0.25% sol-coated gold nanodisks and bare gold nanodisks are 420 and 500 nm/RIU, respectively, see Table  S1 . The insets of A and C are zoomed in regions around the peak maxima.
Sensitivities were determined by varying solution refractive index with 0, 10, 20, 30, and 40% glycerol (w/w) in D2O. Spectra in panel A and C are normalized.
By adjusting the original sol to a concentration of 0.25% (v/v) with ethanol, the sensitivity approaches that of the bare gold nanodisks. Representative spectra of the 0.25% silica sol-coated gold nanodisks and a linear plot of LSPR shift vs. refractive index can be found in Figure 1 . Note that the silica coated particles have LSPRs significantly blue-shifted from bare particles (Table S1 ), a result of thermal annealing during the drying process, where solvent is removed by baking 1 hour at 300 °C. A decrease in the refractive index sensitivity of ~16% was found for the 0.25% silica sol-coated gold nanodisks compared to the bare gold nanodisks. A similar decrease in sensitivity, ~14%, was observed for the uncoated gold nanodisks alone after baking at 300 °C ( Figure S3 ). These results suggest the majority of the sensitivity loss for the 0.25% sol-coated sample can be attributed to the annealing process, with minimal sensitivity loss due to the thin silica film. Figure S4 ). The AFM images of silica solcoated gold nanodisks also demonstrate that a smooth continuous film of silica is formed. A clear difference in thickness of the silica over the nanodisks is observed in the FIB-prepared cross-sections shown in Figure 2 . Indeed, silica thicknesses above the 0.25% silica sol-coated and sputtered gold nanodisks are in the ranges of 4.2 to 7.0 nm and 7.3 to 9.4 nm, respectively. The thicknesses between the nanodisks were found to be 6 nm and 13 nm for the sol-gel and sputtered film ( Figure S5 Table S3 . Diffusion coefficients for SLBs on these substrates are also shown in Table   S3 . The similar recoveries for lipids on sol-coated gold nanodisks and the bare glass coverslip, 91.7 +/-0.7% and 89 +/-2%, respectively, strongly suggests the sol coated nanodisks are completely embedded in a smooth silica layer, since a mobile bilayer is formed. Indeed, lipids formed directly on gold show significantly decreased fluorescence recoveries. 39, 40 Additionally, the diffusion coefficients of SLBs on these substrates are similar and agree with literature values. 11, 16 This further supports that the silica layer formed by the sol is continuous, as changes in surface area or morphology impact lipid diffusion coefficients. 30 Being thin, conformal, and biocompatible, the 0.25% silica sol-coated gold nanodisk arrays make optimal platforms for the sensing of membrane-associated species.
To assess the biosensing capabilities of the sol-gel coating strategy, small unilamellar vesicles composed of 1 mol% GM1 and egg PC were used to prepare SLBs and measure CTB binding. Kinetic traces of lipid adsorption and CTB binding to 0.25% silica sol-coated gold nanodisks as well as representative spectra are reported in Figure 4 . Liposome adsorption and bilayer formation occurs within a few minutes, leading to a LSPR redshift that saturates at ~10 nm. Rinsing with buffer removes excess vesicles and leads to a small blueshift; the total shift due to lipids is 8.4 ± 3.0 for the 0.25% sol-coated gold nanodisks ( Table 1 ). The addition of CTB (200 nM followed by rinsing) leads to a redshift of 2.2 ± 0.8 nm. Nonspecific adsorption to 0.25% sol-coated gold nanodisks was assessed by mixing CTB with SLBs prepared with only egg PC and no GM1 over 0.25% sol-coated gold nanodisks ( Figure S7 ). In these experiments, no significant red-shift above instrumental noise was observed after washing away excess protein from solution. This suggests that nonspecific adsorption does not significantly contribute to the shift observed. LSPR shifts as high as 1.2 nm have been reported for CTB binding to GM1 over Ag nanohole arrays coated with 15 nm of silica. 12 At 2.2 nm, the LSPR shifts found here are the largest reported for the CTB-GM1 system, a result of the high sensitivity of the NIR-resonant particles and the optimized coating procedure developed herein. A comparison of the biosensing capabilities of the 0.25% sol-coated samples was compared to silica sputtered samples and the results are reported in Table 1 .
Although the observed LSPR shifts of the 0.25% sol-coated sample is higher than that of the sputtered sample, due to the increased thickness of the 10 nm sputtered film, the difference is rather modest, see a statistical analysis in Table S4 . A possible explanation for this small difference is that the decay lengths are considerably longer than the thicknesses in question. In order to measure the decay lengths of the NIR-resonant gold nanodisks, a previously described 34 layer-by-layer technique was employed. Briefly, alternating polyelectrolyte layers were applied to the nanoparticle surface and the LSPR shift was determined as a function of film thickness ( Figure 5 ). The thickness and refractive index of the polymer film after addition of polyelectrolyte bilayers were measured using ellipsometry ( Figure S8 ).
The electromagnetic field decay length, l, was then calculated according to: 34
where m is the bulk refractive index sensitivity, ∆ is the difference of the adsorbent layer and the ambient medium (air as a reference) refractive indices and d is the thickness of the adsorbent. Note that while Equation 1 was originally developed with a factor of 2 in the exponential, to account for a |E| 2 dependence of the electromagnetic field, 41, 42 recent reports have omitted this factor and have shown good empirical agreement with experimental data. 34, 43 The factor of 2 was omitted here for ease of comparison with the current literature. The decay lengths for the samples shown in Figure 5 were found to be 51 ± 7 nm for the bare gold nanodisks and 56 ± 8 nm for the sol-coated gold nanodisks, respectively. The experimentally obtained decay lengths agree well with literature values for nanoholes 43 sensitivities and a small difference in sensor response. However, it is important to note that many nanoparticles currently used for sensing lipid bilayers possess visible resonances hence shorter field decay lengths, often 10-20 nm; 44, 45 in these cases the dependence on distance is expected to be more significant, particularly if the height of the assembly is similar to the field decay length. Figure 5 . LSPR shifts obtained with increasing the thickness of polyelectrolyte bilayers on 0.25% silica sol-coated gold nanodisks and bare gold nanodisks. Points without error bars had standard deviations smaller than the symbol. Figure 6 . Binding of cholera toxin B-subunit (CTB) to solid supported bilayers containing 1 mol % GM1 on gold nanodisks with 0.25% silica sol. The data was fit to a Langmuir isotherm, black line, and the KD was determined to be 0.625 µM The maximum shift for CTB binding obtained with these substrates was 5.9. The shaded pink region towards the bottom of the graph represents shifts that are below the detection limit,.
To assess the limit of detection, a binding curve for the CTB-1 mol% GM1 system was generated using the 0.25% sol-coated gold nanodisks ( Figure 6 ). The KD for the pentameric CTB was determined from fitting the data to a Langmuir isotherm. 46 The Langmuir isotherm may be used to approximate the interaction of the multivalent CTB-GM1 system, provided that each binding event is independent, with an effective dissociation constant KD. 46 The KD was determined to be 0.625 µM with a LOD of 20 nM. The limit of detection value was determined as the concentration giving a shift larger than four times the instrument noise, which is measured in Figure S10 . The KD values obtained fall in the range of those reported in the literature with SPR (1 μM) and fluorescence techniques (370 nM). 47 , 48 Since the limit of detection concentration is roughly 14 times lower than the KD concentration,
where exactly half of all sites are occupied, this data implies that these sensors are able to detect approximately 7% surface coverage of CTB.
Lastly, the sol-gel coated gold nanodisks samples appeared to be quite stable over time. Samples coated with SLBs were left out for one month, cleaned with detergent and oxygen plasma etching to remove lipids, and then used once again in biosensing measurements. Lipid absorption and CTB binding measurements ( Figure   S11 ) show minimal to no degradation of the sample, indicating that the sensors are robust and reusable.
Conclusions
We report a simple, versatile, inexpensive sol-gel spin-coating method to coat surface-bound structures. This method enables uniform, thin film formation with thicknesses of less than 10 nm, which is considerably less expensive and more scalable than sputtering and ALD. In addition, this platform should be applicable to structures of arbitrary and asymmetric shape to improve sensitivity further. The silica coating was found to produce a fluid SLB and yield a negligible loss of sensitivity resulting in significantly larger shifts for lipid and protein species than current platforms. This high sensitivity is due to both NIR resonant gold nanodisks, which are shown to be highly sensitive structures with extended field decay lengths, in addition to the ultrathin silica coating. These larger field decay lengths and increased sensitivity should prove useful for sensing of larger species such as bacteria and viruses. The system herein combines properties typical to surface plasmon resonance (extended field decay lengths and higher sensitivities) with the ease of measurement and propensity for miniaturization that is required for many microfluidic and multiplexing applications. Thus, these substrates should find tremendous use in the screening of membrane-associated species in a multiplexed manner. Lastly, this method is also not restricted to silica and should easily be expanded to materials of different compositions (e.g. NiO or TiO) to facilitate new interfaces for biosensing or materials development.
